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Thetical  ngtnesriig on 
tied fuiftiie-nt of the nequdire-cnts 
ter cf ‘clenee, 


in teis steulty vanadium was eveluated as a contaiour 
material for molten Dismuta in a liquld-~sptal-csoled eyster, 
4 roveh eppraiesl of vanndimm af a container material for 
sodius was also Lecluded, 

The investigation teok two forms. The first bertes of 
tests utilized crucibles of rvanadiiw contsinins Haaruth, 
iesults were ietermined in teras ef three Lnveperumat 
variabies, Viz: temperature, tiwe, eml decree of aflietion, 
Dependent variables were (1) sslubility of vanedion in 
bismuth amd (2), denth aml type ef corresive perertretiens 

The second oeries of tent UELLiked Heide uf vatuaiim 
eertalcing % soail seount af hiteuth, The toecr vend thie 
ot five minute imtervale Wille Ube eede of tie tubes were 
eéintained at cometae, Vol «ldely seperate’ teeperntwran, 
Oepeutite to tow low tarpereture end Seentoned pieubecl 
evidence of themwal eradiont sass teanaport, 
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temperatures of 550° ¢ and POO Cy 

had: high solubility ip Diowute, 

suffered severe inierrranular ccrromive 
etteck ot temperatures above c 
desonstrated’ a strwug prop city Lor 
thermal gradient mass tramocrt, 

was attacco®, ducing the aase tracefor 
experiments, «t & particulerly rarid rete 
in the high te perature region because Gi 
the cyelic reeoval of Ciaacirec v@amdlue 
in the low teaperature rocion. 


In the included experiments wilh aelten gelliun, the 
Yaradiue siiowed little reslstance to atlack, 
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I Sipary 


The curpose of this study was to evaluate vanadite 
eas a container waterial for molten »ifmut») in a liquid- 
metal-cooled system, A rouch apcraisal of *anadimm™ as 
a container raterial for sodivum was also included. 

Ihe investigation took two ferm. The first series 
ef tests utilised cruel vies of venadiu containing wismuth. 
Results were determined in terns of tiree Indeventent? 
varlahbies, vic.: temperature, time, and degree of 
agitation, Dependent variables were (1) solubility of 
vanadium in biswuthy, detervined by chemieal analytis, 
ang (2), denvth and type of corresive penatration, 
determined by wetallographiec insvection. 

The Seecend series of teats utilized tubes of 
yenadium containing a smell arount of biseuth, The 
tubes were tilted at five minute interval6é while the 
ends of the tubes were meintained at constant but 
Widely separated temperatures, Deposits in the lew 
venmperatire end furnished physical evidence cf trereald 
gradient mass transport. Cold-end deposits were 
analyzed eMecically, ldentifiestion of dercsiis 
were cheeked by t-ray speetrorraphie araiyois, ident- 
ifieation of tne form taken by the Gepobit was made 


by Getallograyhie inspection, Corrvelte atteck of 
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the high temperature end of the tube was also « tudied 
netallograpiically. 
feuults were unfavorable, The vanadium: 

le Was Busceptible to nechanical (corrotion- 
erosion) attack by bismuth betwem teaperatures of 
550°C ana 700%, 

é, had high solubliity in bisect)., solubility 
varying alwecst linearly with temyersture, 

3, suffered severe intergranuler corrusive 
attack at temperatures of 900°C and above, 

“, demonstrated a strong ropensity for 
thermal rradiant Sass transport, 

5+ was attacked, during the mass transfer 
experiments, at a particularily rapid rate in the 
high tewpereture region beeause of the cyclic pamovel 
of disscivel vanadivem in the lew temperature region, 

In the included experisents with solten sedius, 


the vanadium showed little resistance te attack, 





alae «is <= oF wu le ime wryveveeet G25 a4? 
Pi Les epee Bad oes 
(tl a pM ee ore as here 

ee ee eT ee ee oe 
| Oe ee er ener uate enlnews 
Cen te Car 

Dititiic , Genet at Mion ely ee 

eee ath) Chee hee eee 
OM eT eto etn gb 
re oe SP be creed ar th sere 
TW ieee Ga «eee 























A, Baekground 
Molten bismuth has many properties which make it 
@ highly desirable coolant in nuclear reactors. it has 
low neutron absorption cross-section, a nigh transpert 
cross-section, and excellent alloying characteristics 
with uravium, it has @ relatively low Melting point 
(266°C) combined with a high boiling point (1460°%C), 
Although its specific heat is quite low, its high 
Gensiiy gives it goed hneu.t transfer cheracteristics arn 
& volumetric desis, (fforts to utilise its advantages 
in @ liquidemetale~ecoled or a Liguid-cetel-fueled 
reactor lave launched a search for a good containur 
material for molten blemuth. Sueh a material must, 
among other tiinge: 
(2) not be correded by the molten bismuth, 
(2) have favorable microscoie nuclear 
characteristics 
(3) resist maes transport in circtlation lueps 
involving temperature cycling. 
(4) have suitable high-tempcrature strength and 
ercep resistance, 


(5) be rezsenably easy to fabricate, 
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Vanadium, when considered as a possible container 
material for molten bismuth, has received rather cursory 
but generally favorable mention (]). Preliminary static 
tests used to sereen out obviously unsuitable materials 
indicate that vanadium resists corrosion by molten bis- 
muth, More exhaustive tests on these materials showing 
promise have naturally been focused first upon the ones 
which were most attractive from the stand-noints of 
econoay and ease of fabrication, 

Be Seope 

Investigations of the corrosien of vanedium by 
bismuth, and thermal gradient mass transport in a vanadiun 
system involving thermal cycling of molten bismuth, were 
established as the primary aims of this study. 

1, Corresion studies 

Corrosion of a solid metal by a molten metal is 
minimal when either the free energy of the reaetion is 
positive, or when an intermetallic film or protective layer 
is formed through which the diffusion rates are gmall (3). 
It was assumed, as a working hypothesis, that some kind of 
interzetallic film would be formed in a vanadium-bismuth 
system, and the apraratus was designed in such a way as 
to subject this (assumed) film to varying degrees of 
agitation. Erosion of the flim and of the immer surfaces 


of the container were expected to vary the results of the 
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corrosion tests. For purposes of comparison, containers 
of a 5% chromium ~ 1/5 silicon steel were included in the 
runs. This steel, mown as Croley 5 Si, has been the 
subject of extensive tests at Brookhaven National cwaboratory 
(2). In eddition, at tert tesperatures below the belling 
point of sedium, vanadium erucibles containing sodius vere 
ineluded for rceugh qualitative te.t of resistance of vena~ 
dium to attack by molten sodiun. 

Test and analysis ;rocedures for this series cf tests 
were desliened to develop a broad range of information in a 
relativeiy short time rather than to achieve +in=point 
accuracy, They were principally intended to indieete the 
direction of any further investigation, 

2e Thermal gradient muss transport studies 

when solubility of the solid, or container, 

metai varies widely with chances of temperature, there is 
& probability thet mass transfer will cecur in a closed loop 
syster involving physical circulation and sismitaneous thermal 
eyeling. Container metai, going into solution at the high 
temperature, precipitates out and forms a retallic growth 
er mass in the lower temperature region, Concomitantly, 
the renoveal of the dissolved cosronent from the circuleting 
material eceelerates corrosion attack in the hich tenpera~ 
ture region (3). The tiltetube process used in this 


investigation offers so simple and rapid test for mass 
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tranfer, The ends cf a long tube of the container material 
ere mainteined at constant temperatures, one high, the other 
low, and the tube is tilted back and forth so that the 
contained molten metal is subjected to sudden and severe 
thermal cycling. Under these conditions, cass transport, 
when it cecurs, may be expected to be severe and ummistak- 
able, 
C,. Classification 

For simplieity of handling and dissemination it was 
decided, upon edrice of the tuesis supervisor, to keep this 
rerort unciassified, SBeeause of its narrow seepe and in 
the light of similar reports in the litera..ce, this study 
is clearly of sa wnelassified nature; however, information 
pertinent to the testing proceedures and previous work done 
on allied subjects is cften contained in comrilations er in 
combination with elassified material. Quotations from 
classified literature, either directly or indirectly, is 
therefore impossible and has been rigorously avoided, A 
list of classified literature containing pertinent material 
is included in the bibliegraphy but not referred to in 
the text, 
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A, Corrosion Tests 

1, Apparatus 

An electric furnace, eighteen inehes in overall 

lengtn, was wound and energised in such a way that Isother~ 
mal ecconditions could be maintained over a fourteen inch 
leneth of its interior. Details of furnace construction 
are contained in Appendix A. The furnace was mounted on 
a teeter-board tilting 20° from the horigontal in each 
direction on bearinss located in line with the eenter of 
the furnace, A motor-driven crank arm lifted the weighted 
teeter-board through the horizontal (the peint of unstable 
equilibrium) from where it dropped freely the remaining 20° 
onto a spring which bounced it several times. This action 
was repeated twelve tim®.er minute. the purpese was to 
subject specimens laced in the center of the furnace to 
& mild form of agitation, little more than a tilting 
action, whereas srecinens located away from the center 
received repeated jolting, progressively snvreakina in 
violence as the enéds of the furnace are a, proached 
Figure 1 is a diagram of the furnace sechanion. 

€e OOopecimens 

opecimens were small cylindrical crucibles of 

vanadium and of croly 5 Gi type steel. Interior dimensicne 


were 0,275 inehes in diameter dy 1.07 inch in length. 
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Crueible construction and dimension are shown in Figure 2. 
A few cf the erucibles were filled about cone half full 
(approximately 4.5 gram) with purified bismuth, The 

inner surface of the cap was polished for later metallo- 
graphic exanination. Inner surfaces of the rest ef the 
erucible were reamed smooth and pickled in nitric acid, 

The erucibles were placed in a tight-fitting copper 

jaeket which was water cocled and the caps weléed on with 
an eleetric are in an argon atirogphere using a water-cooled 
tungsten electrode, Cooling of the body of the crucible dure 
ing welding was dictated by the necessity of completing 
the weld before the contained metal (sodium or bismuth) 
reached boiling temperature, Crucible fabrication, 
loading, and welding are discussed in detail in Appendix 8. 





36 Testing procedures 

The exucibles were wrapped in tantalum feil and 
placed, five to a tube, im Vyeor glass tubing, fourteen 
inehes in length overall, which was subtequently evecuat~ 
ed and sealed off. Depressions in the glase tube maintein- 
ed the crucibles rigidly in pleee. Cruciblens vere somted 
2¢+ inches apart at their centers, overall crucible dis- 
placement being 12 inches, end to en@. ‘ounting of 
erucibles is shown in Figure 2. The center positicn in 
each tube was oecuied by a vanadium erucible containing 


biseuth which reeelived mild agitation. “he two end 
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positions, subjected to the most severe agiteaticn were 
eceupled by a vanadium crucible and steel crucible, re- 
spectively, both containing bismuth, Intermediate posi- 
tion were not filled in all runs. When filled, ther 
were oecupled by vanadium crucibles, one ccntaining 
bismuth the other eontaining todium, In terms of the t 
three independent variables intruduced in these tests, 
erucibles were placed in the furnace according to the 
schedule of Table l, 
u, “Analysis precedures 
(a) Chemieal 
Upen removal from the furnace, 
erucibles were set vertically, without cooling, for a 
short time 30 that particles eroded from the inside of 
the crucibles had opportunity to settle at the end, 
then quenched rapidly in eccld water, It was expected 
that the crucible zetal taken into solution y the 
bismuth might precipitate out upon quenching but that 
freezing would occur so rapidly that this precipitete 
would remain in suspension. The cap, bearing the pre« 
pared surface, was then cut off and rrepared for 
metallorrapie inspection. Those crucibles containing 
bismuth were chucked in a lathe and the crucible and 
outer surface cf the bismuth turned off, The rémain- 
ing bismuth was cleaned by dissolving to about 2/2 of 
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former sise in nitric eeid, This wag then divided into ta 
two parts and the parts individually analyzed cherically 
as a check for homogeneity, Analyses of the two parts 
are listed separstely in Table II, The standard deter- 
mination for vanadium (noteassium verchlorate~-sulfuric 
aeid) cculd not be utilised because of interference with 
the test by the bisnuth, and use of a conslderabiy less 
accurate colorimetric test for vaneadium was enforcet. 
Appendix © detalls chesicsl analysis srocediwesg ptilised, 
Crueibles containing scdiwa were cut epen and 
immersed in distilled water, After the reaction had sub- 
Sided, the crucible was resoved and its interior was flush- 
ed with distilled water, the washings being added to the 
solution, The sodium content was determined from analy= 
Sis of the sedium hydroxide formed, All solid particles 
resainins were taken into solution with acid and the 
resulting sclution tested for amount of vanadium present, 
(b) Metallographic 

The caps vere sectioned perpendicue 
lariy to the prepared c.rcface, mounted in plastic and 
polished, Without etchinc, the surfaces were exatined 
by means of s metallograph. Te prevent rersonal bias 
or predilection, an independent cobnerver, not arpraised 
of the speciown test conditions, examined the entire 


ross section cf the surface exposed to corrosive aetion., 
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The observer then seiected a revresentative section typ- 
ifying the eonditions of the surface, and this secticn 
was photographed. 
3. Mass transfer tests 
le Apparatus 

For tunis set of tests the treviously des- 
eribed furnace was energized in such a way as to  »revide 
a localised point of high temperature near ite center, 
An electronic interval timer uss used to interrupt motor 
action so that the furnace was tilted down on the alter- 
nate ond every five minutes. fhe beunelnge aetion described — 
in previcus section was dacped out. Appendix © diseusses 
the switch and timer ection for cyele cwuntrol in the tilte 
tube mass transfer tests. 

Two large cylindrical blocks of stainless steel were 
fabricated to fit over 14 inehes of each end of the tilt- 
tube specimens. These blocks acted as heat reservoirs 
and were used to stabliize the temperatures of the ends 
of the tilt-tubes, Thermocouples inserted in the blecks 
were used to monitor tilt-tube end temperatures. The 
tilt-tube heatereservoir-blocks assewbly is shown in 
Figure 3e 

One block war maintained at JOC C, The ether bleck 
stabilised at 390°C when three tilt-tubes were in operation 


simultaneously, at 320°C when two tuces were in operation, 
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and was hela at 300°C (by addition of external heat) when 
only one tube was left. 
2. &pecimens 

Specimens were eight ineh long tubes of 
vanadium drilled from extruded rod as discussed in Appen- 
dix D, A tilt+-tube for the mass transfer test is depicted 
in Figure 3. Caps with rolished immer surfaces, were 
welded over the ends, Contents were ten grams of bismuth. 
The vanadiuc tubes vere wrapped with tantalum foil and 
placed in Vycor glass tubes, evacuated, and sealed. Tle 
wrapped vanadium srecimens were made to fit tightly in 
the glass tubes in order to attain scocd heat transfer. 

36 Analysis 
At selected time intervals the tilt-tube 

assembly was opened and a tube removed, The tube was 
quenched vertically with the high temperature end down, 
hnds of tne tube were cut off and sectioned. One half 
of the low temperature end was polished for X-ray 
spectographie analysis and for retention as yhysieal 
evidence of mass transfer, The devosit in the other half 
was carefully chirped out and used for cherical analysis, 
The high-tesperature end wes sectioned and polished for 
metallographic examination. 
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&, Corrosion tests ~ vanadiw vy Hieenth 
le Ctamical analysis 
lwealts of chemical empirses of Ue inet 
are tateiated in Table ii. Tiw Neen AclUbility of veehlion 
in Gismth for each temoereture at. vaich the bert was rami 
is plotted in figure 4, Sean solrhiilty ef Steel (iron 
in selution) 4in blseutl is swperiemosel for ypweperes of 
comparison, 
fs etallographic analysis 
either degree of agitation er pertod in 
the furnace (suortest seriod - 25 hewrs) had slenificent 
effect upon final solubility, but did heve a wereed effect 
upon the a pearance of the attack on the polished interlLor 
surface, isgures 5 to 13 are -hetoticrerrarke of polished 
vanaGium surfaces following exposure tt eclten bisemth for 





the Longest am’ shortest test periods et a11 test tewpera- 
tures, “oth mild and severe agi tatlur abe repreternvlen in 
trese nhotasicrerragha, 
30 «Grucitie faiiwrs 

Five qcrucioies falied umfer teat, Threw ef 
thete, expeced fer My 292, @el 527 botrs, respectivsis, 
were at ©O0° C, ALR three occupied on positions in the 
fuenace where a¢itotion was adet severe, The other two 
fatiures cevurred at 2OCC°® C when sgpésed for 14 beurs, 
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IRON (FROM 5% 
Cr, Ix % Si 
STEEL) 


500 600 700 #800 900 IOO0O 
TEMPERATURE’ C 


SOLUBILITY OF CRUCIBLE MATERIAL 


IN BISMUTH 


Figure 4 


Ome of these ted ocoupied « comtyal (Joes? agitated) 
position, Re laberweciabe-agitetion scetieet ware in- 
Glued in the 1000° C pume, Pe eteel oructhler Calio® uoder 
tert. iveel crucibles always cecw ied position of eeet 
severe agitation at all tesperatvures ant Cor all ceriadts 
tested, 

&, Wettiag of crucible surfaces 

wetsing of the curfece io llq.tdewteal- 
ecoling is considered very important to beet tester Vy 
Some sethors (4). Although ite dapeértance, in te 
pres@nee Of purt material, te dis;ebted, type aad toorongh- 
nes? of .etting were recerdcd, 

Below 70° © wetting ef We vewtiup ty the Ofseuth 
was interedtteot, the cehnere@ biseut. being 40 One ferme of 
emaii veads loosely edherent to the curfeca, + AW C 
flim formation ves evident Dut stil’ Lasameitient, tie 
film 4ifferine a coler fron the two odtale Prom whtel 
it wat formed, Setween 700°C ane Goc®s eleet setees of 
Verediws 66121 @ peared cowaticmwily toroug te Mila. 
Above GOO°%S wetting was tharonet: - g tiutexk Pile forming 
whieh wee quite insecaratia Cram the corvette cides, 

ih Comtrast, vetting te the oteel crucibles 414 cot 
anear “low wmoeratures sf Aor: ad aid not estat a 
DLgh degree of eClwpence to the ewrtese ever an tee 1oO0e%C 
speciowns, —“weh vetting as Chere aes in te steel eructi- 
bles eas entirely different in caters frpar beet in vene- 
time orvat Siew. 
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b, “Loy S 64 by DShowuth 
Results are inclwied in Table 12. fhotemdcrogre. to of 
erucible inner swface attack are ocliectad in Figure Us, 
iteot surfaces resieted ettack far better than @id the 
yanadiue =i all tesmveratuees, vcorrehion was relotively 
minor witli every hich tewpeuratures were rumctied, lbove 
900° SC. the steel wos ettacked in a peculiar vay, “eemth 
nenetrated through a seall tissure in the surface, diseciv- 
ing @way Boteriail & the bottem of the fhesure to form a 
pecost or sub-surface void. 
C, vorrosion tests - vanedivme by wolica 

‘esulta are included in Talle II, Photomleresraphs of 
erucible inner surfece attack are ccllected in Firure 15, 
Agitation was interzediate in a1] ceses, <«lttotyh results 
of chewicnl analyeis ure listed es gems of vanediw per 
million parts, by weleivt of ecdtium, tis is by n> means 
intended to portray solu ility. 411 veondiam remeved fre 
inner shrfeces of the crocible, inelauling ghirnined parts 
@lea ercaed from the Surface a8 w4i, 33 wausdiue taken inac 
soluliom Wy the sodiu, vms imelwied in the melsurenent, 
D, Mags Uraneler tente 

le *iyeieni evidence 

‘wrtomaphe Gf -eponited seterital itn Ube cold 


and of tle tilt-tabes fur arching »erieis of 162 hours, arsl 
33° hows are show in Figure 15. Brittioness and fractls uy 


of Cae Gepostt cauend iocs and eedkeigs in attempts te polish 
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the sections in several instances. There was nothing what- 
ever in the eold end of the tube cycled for only one hour. 

Deposit in the cold end of the tube cycled for 336 heur 
formed a pocket which trapped some of the liquid metal. The 
entrannved bismith is clearly seen between the side of the 
vanadium tube end the deposited material in Figure 16 (bd). 
A photomicrograph of tha identical region may be seen in 
Ficure 20, A photomicrograph of the deposit in the 16° hour 
test is shown in figure 19 and a macrophotograph of this 
deposit is included in Figure 16 (a), The high temperature 
ends of the tubes which were cycled for 1, 168, and 336 hours 
are shown in Ficure 17. 

2. Chemical analysis 

Chemical antiveis of the derosited material 





from the low tesverature ends of the tilt tubes are listed in 
Tabie Iii, The composition of the phases and the relative 
amounts of each present are not revealed by chemical analysis. 
the deposited material was loosel: bonded to the tube walls 
and easily broken free, 
3e Metallographic exweination 
Figure 18 1s a collection of photomicregraphs of 
the high temperature ends of the tiit-tubes showing attacx by 
the bismuth. Figures 19 and 20 are photomicrographs of the 
deposit in tre cold end showing toe <icrostruecture, 
4, Xeray spectrographic analysis 
in addition to characteristic lines cf vanadium 
and bismeth, two strong limet of an unidentified substance sre 
present in the “rey sputbegrgph.of the 16. hour cold end 
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Duration Tempers. ture Femveara ture Free Licuid Metul 
of teat af hot and of cold end Renmei ning 
(hours) (degrees C) (degrees C) (per cant) 
y 900 xO 98 
168 900 39 35 
336 208 320 8 
te oO 380 2 
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(a) Temperature +: 550°C 
Perloed : %60 hours 


Azitation ; mild 





(b) Temperature : 550°C 
Period. : 360 hours 
Agitation : severe 
Figure 6 


Cross section of interior surface of vanadium crucibles containing 
bismuth. Umetehed. Masnification 600X. 
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(be) temperature i 63 

= Period + 6 hewes 
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Hismare | 


. P vanae Blea Containing 
ixoans section of interior surface of ween 1 Um ernaildle 
btm « Vreterawl. Marnifierntiorn bOU4. 
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(a) Semerature ¢ 720 6 
Perted : &6 hours 


Agitation i mild 





(%) Tempers ture  é 720° 
Fariod : O6 hours 
Aged te. ttm + gavets 


Figure & 


Grogs section of interior surface of yanadiun eruoibles containing 
biswuth. Unetched. Magniftestion 600%. 
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(&) Temerature : s$00% 
Serioed ¢ 4% hours 


Ag Sa SHO : wmdid 





————— 


(>) Temperature : 860% 
Period : 2h hours 
Ags tation i geVers 
Figure 9 


Urene section of interlor surface of vanadium crucibles eontaining 
Wiewuth. Unetcied. Magnification 600%. 








(a? Temerature 1 600°C 
Period : 338 hours 
Acttation ; mild 





(h) femernvare 1 800°! 
Period : 536 houre 
Ag te tien : intermediave (substituted for 
savaraily agitated snecimeatt, 
40% r.% F | 


a | & 


Moeure 16 


Cross wection of interior surface of vanedius erucsibles containing 
bicerth. Unetched. Masnifieation 600%, 





536. 





(2) Temperature : 900°C 
Period : 96 hours 
Agi tation > mild 





(b) Temperstare 900° 
Period : 96 hours 
Agitation i} severe 


Figare 11 


Vross section of interior surface of vanadium crucibles contatnine 
Dismuth. Unmetened. Magnification 300K. 
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(a) Genmpexatura t 1000"¢ 
Feriod : 24 hours 


Agl tation : milé 





(o) fegeratare i 1 000°¢ 
Partot ; 28 here 
bith tat Lon $ gevare 


Pigure 12 


Cresa aection of interfor mnrfece of ranatiun arwstbles sontaining 
Wirth. Unetched. Magmifiestion 300%. 
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(a) Temperature : 1000°C 
Period : Te houre 
Agitation : mild 


Mote: P2-hour specimen eubstituted for 
lp-hour svecimen which failed unier test. 





(d) Temperature : 1000°¢ 
Period : 72 hours 
Agitetion $ severe 


Hote: f2-hour speciaen substituted for 
1 our specimen which feiled under tect. 


Figure 13 


Crose rection of interior surface of vanadium crecibles containing 
bismuth. Umetehed. Magmfication300x.- 
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a, Loe bv Oe) A) 
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(a) Gyeling Rate! 5 uinutes. Turation of Test: i168 hours. 
Unetened. Megnifiestiom 3 4x. 





(ov) Cysling Rate: 5 minutes. imration of Tests 336 houss. 
Unetehad. Yaamifieation + 6X 
Figure 16 


tgcrophotograph of cress sections of lew texperstuce ando of 
mags tranefer tilt tubes. 
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(a) ene {b) 166 (a) 336 
howr houre hours 
Figure 17 


Hactophetecranhsa of high tormperature enie ef tilt tubes syol sd 
fer 1, 168, and 336 hours. Uneteched, Kagnifieantient 3X, 
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(b) Duration of Test: 336 hours. 


Figure 18 


Uross section of high temperature ends of mase-transfer 
tilt tubes. Unetched. Magnifioation: 150X. 
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Figure 19 





Phe tomloro of deposit in low temperature ont of t11% tube. 
Duvation of Test: 168 hours. Unetthed. Magnification: SOx. 
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V. 
A. Corrosion tests 
1. Solubility tests 

The solubility ef iron in molten bismuth was low 
up te about 750° © above which it ie seen to inerease 
rapidly as shewn in Ficure 4, Che vanadium solubility 
eurve, within the temperature range tested, exhibits much 
greater linearity, not having a particular texperature above 
whieh corrosion aceelerates rapidly. Neither, on the other 
hand, does it have o temperature region in which its solve 
bility characteristics pay »e considered cood, The alrost 
linear increase of solubility with temperature establishe® 
@eonditicns favorable to thermal cradient mass transport at 





any selected set of operating tenperatures, Colubility of 
vanadivm in bismuth was greater than that cf iron in bismuth 
at all terperatures tested. 
26 Corrosion and corrosion-arcsion 

Mar’-ed difference in surface aiteek at low ternera- 
tures are evidert (Firures § and 6) between speci@ens which 
had gentle avitaticn end there weieh hed severe agiteticon. 
kt first, atvack increases as tewyercture is increvsed, 
showing definite interrranular attatk at ’630° © (Figure 7). 
However, intergranular attack dirinisves at the tempera- 
tures at which intermetallic film fermation becomes matifest. 
At 720° €, ane of the specimens shoves film formation with 
adherent bismuth, The other did not form a (ilm and 
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vas cérred (ficore FP). Gt W0° C Mntersetallic fils 
foraation was fairly consistent and the surfeces vere only 
slightly damaged, At 900° © an@ above, intense intergranuler 
attack again bedomes evident, caaching “ropertiens of 
509 @ils per year at 1000° CC, Neasuresents of penotration~ 
ot theese te reratures is rather arbitrary since dawere is 
often so Advanced’ &s to make the lcestion of the original 
surface level a w@tter of conjecture, Attack, at 1000° ¢, 
appears wore severe for specimens exitaied mildly than for | 
hi “aly agitate@ specimens, This tay be eaused by mechanteal 
‘breaking away, under severe aritation, of grains Whose 
boundaries have been cherieally attacked, civing the apyear- 
ance cf less penttration. | 
‘BR, Corrosion-eresion of vanedium by sodium — 
. “roston ot low towferature is egain evident thoush — 
generally to a lesser @ecree than thet enused by bismuth. 
Attact was Wwornée st 9§c° C than at Sor c, amounting, to 
197,000 pate per efltton at S50° 4n 360 hours, The sure 
faces at (00° are characterize’ by burps or protuberances, 
“These Bimps are believed to be Jocelived point® resistive 
“tO corroeion attec:, pousthly due to Impurities prectnt. 
“tttack is belteved to be a seneral surfaee attael, leave 
ing tMe resistive pcinte salient fren the lowered surface. 
Thoug: this Ser of verte ere of a rough and -osibly 
inconclosive nature, it appears that vahadiw does not held 


euch promise as a cOntainer eatderial for molten Bodium, 
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CG, Ther al gradient sess trauwpert tests 

~vVidease cf mass transiexr under Lhe extreme cond: tions 
impeted in this test is inecntrovertivle, After eompletion 
of the tests it was cviaent LLat sore bismuta should have 
been intreduced into the eass-transfer tubes. Upon seetion- 
ing the tube after a teat period of 336 curs, alrost all 
dismuvth wes depleted (see figure 17). A large proportion 
of it hed apparecatiy gone into & stalagaitic growta ia the 
center of the tube adhering to the lower side and to the end, 
The gecwth was brittle and of a very fragile mature and was 
broken in atteupting to prepare it for photographing, A 
consiccrabbe portion ef tre biswuth had apparentiy gone 
intc a goldecolored layer adhering to the waiis of the 
tube becinning at about the center of the tube and becoming 
quite thiek et the high temporavture end. The appearcnee of 
the film map be noged in Figure 17. 

Corrosion sttack of the prepared surface at the hot 
end of the sass transfer tubes was intergranular in nature 
and was so severe for the cyeling pericds of 168 and 336 
heurs that the lowest power availatle in the microscope 
barel; included the full depth of penetration in its field. 
There was no apparent attack in the tube operated for only 
one hours In the 500 hour test, pentration was visible to 


the naked eye (about 1,5 Millimeters:, 
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A. Commercial quality higheductLlity vanadium is uot a 


suitable container material for high purity molten bismuth 


because of the following demonstrated properties: 


1. 


Oe 
30 


low resistance to mechanical attack at temperatures 
between $50 and 700°C 

Yidgh. solubility in molten bicweuth 

severe inter-)rantlar corrosion at high tempera- 
tures 

susceptibility to tuermal gradient mass transpert. 
(Convection eurrents of bismuth in a vanadi.se 
eireult may be expected to ,reduee plugging in 

the cold portion of the loop and severe attaex 


in the not portion). 


3. Cowerrcetal juslity vanadiwn shows little promise as a 


ennteiner material for molten sodium, 


*. 
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Whe light welcht, atuniance, high strongth-welint 
ratio, hign-taxparature wtrength, and reasonable fstricetion 
charactertitics (G, @), coupled vith 2 mal) neutron abesrp- 
Aon cross-section (2) sexe vormdiwe 9 Bighiy derirsebie 
Weteriel fue wee in micleoe recetors, (partimdariy im fast 
: peucters), io order +o ewaluate ite fousability for we in 
ee art bapa ager Dailey qmeay naka Ge St 

Migques of the ferageing experiments, would be continued 
@long Wiree penered linn, 
de UvOlUastion of vansdinwe clloys, auch «es a vanadiw- 

7 2¢) sircontua Alloy (@), s# codtalner pAtepials 

@ evaluation of pare -ansiiuw ant Penedivm alloye af 
eaintaimer materials for utner easlly-Lliquifled 
@@tals whieh Save low neutron abeerptiion cross 
sections, sweh ox galliom, lead, lithta, 
thallimm, ti, and low-weiting outeetics of Iaad- 
biswwth (3) 

36 @valvetion of invtititorn, such se sirembe esl 
samieeiia, in s vtamdice hieevth aystem te siednm ‘es 
tite -Glective attack at the grain boundari4s al 
rei.ce the rube of solmtion. 
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Appendix A 
Furnace Design and Construction 

Jesign: parameters for the furnace were inpoaed by an unusual set 
of circumstances dictated by the testing procedure decided upon, Zecause 
of the shocks ani cechanicul stresses to which the furnace would be 
subjected, 1¢ was imporative toat the windings be exceptionally rugged. 
The phyeleal aize of the furnaee hai to be fairly aaall ao that the 
teeter—board dimensions would be reasonable, yet the Isothermal region 
Within the furnace hed to be relatively large, The laiter eriterion 
independently, In the presence of a constant~power=permtiom winding, 
tesperature in this type of furnace usualiy distributes iteelf along a 
cosine curve on the longitwiinal axie because of the saximum heat lose 
to the ends of the sere, To compensate for this, windings were designed 
with mci power per turn at the ends and minimum at the center, For 
rigidity and high tencseratire strength, a very heavy wire, twelve gauge 
was decided upen, The large diameter and low resistance of the wire 
enforced the use of transformers to provide low-voltage high-power 
gouress, Vive cones ef controllable heating were decided upon in order 
to ineure that constant temperature could be mintalined over a lary es 
portion of the furnace length. Since the tranofercers provided isolation 
of the power sources, aliacent windings shared lead-in wires and internal 
wiring wes kept to a minisum, Tho twelve guage wire was wound on 4 three 
inch diameter Alunhua refractory tube, 16 inches in length , grooved 
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6 turns to the inch. The end «indings, consisting of 1, turns each, 
were energised by 24 volte (nominal voltage), These windings extended 
no furthur than the end plugs of thecerc, and were intended to heat 
the plugs and prevent heat loss end conse juent tenperatiro drop at 
the ends, The actual interior pertion of the farmace was heated by 
three windings af <2, Ah, ani 22 turns respectively, eneryized by 
voltages (numinal) of 30, 36, and 0 volts, the primary of each 
ieolation and step-down transformer was energised by a Varlac variable 
voliage transfermer by which the oubput voltage could be varied from 
O te LLY & of nominal volbage. 4 chromel-aluael thermocouple was 
placed directly adjacent to the center ef the winding and used fer 
operation of a Leeds and Nerthrup Mierawsex controller, The controller 
opurated a holding tyre relay (i prevent relay chatter) which, during 
Geeard poriods, shorte. out «a large Verles used es a werluble inductance 
in oerice with ali Varlacs combrelling fur ece region igsolstion trans- 
fourwaré, Curing non-desund periods the voltage te the iscletion trans 
formers was reduced by the drop acrocs tie series inductanse, ‘This 
me-hed of control was the only one of the three tried which did not 
rewult in extcvbive relay contact areding due to inductive effecta of 
the five isolation tranefor ore in parealiel, A clreuilt diagram of the 
furnace windlng awl sentael clreult is shown Ln Figure 21, 

ioaca from the individual windlogs were welded to the catnun pointe 
of the windines and songisted ef double lengttis of 12 gauge wire spot 
welded together every tro inches. iIinda of the double vires were welded 
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te studs whicn psseed through the trenelte furnace supports aul wore 
used se connection points, Using equal power in all windlags (act 
equal power por tern) the furnsce Lacperature otuiesn emi plielé was 
within ven per comt of tue center set tesperature (maintained by 
Contesller) upon first heating. o sdjuctment of voltage to the 
vo within plus or cfrus 1/28 at all points, 

The frame for the furnace testembeard (Mgure 1) was made using 
fous<inel, clue beams and mas supperted, at first, in bass sleeve 
bearings. The wei. I of the furnace caused binding of Lhe sleeve 
beerines, ‘This interfered with the boweing estien intended to supply 
severe agitation to the ond-rouited apeciuens, Large cell beerices 
were substitute! fur tue eleevo. cerings and we lartiar | varia 
aiffleult) wee experlawed, 

for the corrosiun teo.s tee mervelite.. ex cpematiag cam simp 
Figure 1 were net ceed, ‘The motor speed contrulier ms at to bemee 
the fursese ) the o riggs wwe every 5 gecunde, 

for the sagas trausfe: testa tie bowreing .ctiun of tle fureece 
teeterboird wus Geiaxt wul, a che o8lilalion period eduved Lo 
4 Yen Tlme.e cycle, 

“6c.listion fraquenc, waa redueed by perbodie interrmutim cf 
Perr to the soter by an electwonie interwal timer, ‘he clireuit ciapres 
of the Lmerval timer ie @hown in Figure 22, ‘The cam cparated te 
Rierceniteh af ive Perneee toter-boerd want through borussulal dead 
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center, The power wea tren cut off te ths sctor, but inertia cept the 
wets scohng for a fea more turne, Fearn this point om the furmuwe 
dropped freely onto a uaaped ober, ot the emi of the tlaed invarval 
tle intereitient Tilt sotlom of Lhe sperating nechaniam allowed the 
a@tor to budld up to epeed under no llad coriltions, 
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ah ERS, BL 
Grucible Construction, Leading, and ¥elding 
‘“eeifigations fer the eterting meterteta are on followet 
i, vanediwa metal ( RieetromHetellureical Oo, ) 
form ehiva, 1/4 inch ty 12 mech 
analysie : earbon 9, 05% 

oryeen 0, 0566 

hyerogen «8600, 01 

nitrogen 0,06 % 
*, biemth nobel ( Mallinckrodt Chemical Works ) 


form § erannlated 


analysis : arsenic  °,008 4 
iron 0,00 % . 
gine 6.02 4 


3, sodium wate. ( Meallinekredt Chomteal Yorke ) 
form : eolid billets 
smalyveie : not avyailichle 
The vana‘iva metel chipe were esld compacted in a steal con at 

32,003 pounds cer scuare inch, The oon was then evacusted, saxied off 
and wtrwled at 1990° F throngh a 0,7 inch die, the extrusion constant 
conatent being 64,000 pounds per semere inch, The first extruelon was 
largely umacable because of tnenffictent back preseure, resulting in 
orackn onf Mesurea in the roi, “nbesuusa$ @a:Pusious were eo de with 
& nickel plug at the front of the extrusion billet. The nickel, not 
being u@ seft as the sateel at 1950° ¥ greatly inersaged the initial 
_ back preasare awl requlted in en axtruston of much better cmality, 
The rode were swarmed lightly for atraichtening, then turned fown on a 


latina to the 7inal outer diameter, thersby removing the stesl jachat, 
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Dieearding the onia of these roils ( which were contaminated with 
niekel at the front ani with steal at the bees ) left a eolid 
vamdiue rod, Serhiomning ff the rode into erucitle lengths was 
followed Wy the drilling ont of esch section ta pro,er cesth, 
interior surfaces .ers polished with fine emery cloth, Capasffor the 
crucibles ~er prepared from the enue saterial, the immer surface 
being givon a retallogranhie volish. Dimensicnse of the sseembiad 
erucibls are tncivntet in Fiewre 7, Juat vrriexe to cwr«ane these 
erucities with cisamth metal, thoy vere thoroughly ¢lesnasd By 
mhekline in concentrated nitrie acid, 

{t wag falt treet the metellie bismath, deapite its bigh 
eurity, sheuld not be jleeed direetiy into the vansiivue crucibles 
Gme tc ths large surfece arem in ite eramilateda form oni the 
exiatenen, at root temmerature, of an oxide filu on Wiemath, The 
surface aren was creatly redvesi by selting dewn the ar-nulee in a 
srovhite erucible ( in «ir ) and paipstting wioxkddsed meatal fron 
velow the surface, “ho metal was dravn wi into a 1/& inch ( inner 
dilemeter ) “yrex tube ai sllowed to freere, «fter which the glass 
wae brcken swe? an: the bisemth _— cut inte §.5 erem lengethe, 

The emuactblos were charged wits t-ose just bofere welding, 

In the esas of the sodina, efforts to clean uy tho material were 
limited to aifcing avsy tha eontamin.ted emarface with = pmetulse 

theresfter ratucing the ~eriod of oxpoeure in alt to o Slniwer, 

Vollowing chergine with eift>er tiemth or sedium, the crucible 
cap wes jneertad, an’ the agsembly placed in Che rocumn are malting 
mit ( Piewre 22 ), ‘the vatermaooled gopper crucible skewn in 


Yienre 22 wae reviewed by a eolld copper eylinder vhich woe 
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hemmg—cumbed to cwetain ( with sum mechantes? Tit ) seven af the 
oruciVies at one wei, and Slowing onolant (water) at the other, 
This fLetwie eveceerfully het the tem er.ture of the cruei dle to 
a winiuam in thove regione surrnmdine the omntalaed Maeath or 

nodivm, althoucd velling of the Ge wnulss eentainine esdivn proved 
treublesine dne te -moorlention of the ee tum wien the we was 

eeintainel for evra then « few recuvin et « tine, (reviews to 

welding, the are Surme.ce win emeonat | te on abaoluie  rageare of 
lee than ene mi¢ron, then Mtlied to a oreesure \2 1,1 sumephere 
ith agpon bled inte the ero melting cy? later through «© marifying 
train, A tBinmeeten @leatrede om wetlired in the valolec proeoss, 
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Figure 22 


Drawing of arc furnace used for welding of specimens. 
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AER 
Chemienl Analyses 
1. Uetereinetion of vanadium in hiesmth 

a, Sreterution for chemical analy+is 

Won removal from the furnace the cruciltles were -laced 
vertically, proepered surfece up, without cooling, ge thet particles 
erodet from the crucible would “uve « Clance to settle, The erncibles, 
in the seo ‘osition, were then cnenched in cold water, The 
erneible material and evproximtely 1/32 inch of the outer surface 
of the tiasuth clue were turned off in a lathe ww the slug cut 
eff 1/8 inch from the olnt where it edhered to th bottom of the 
crucible, he slug waa thon immersed in nitric acid and reduced 
to aroroxvimetsiy 1/3 inch in dtemeter by 1/2 inch leneth, It was 
intewled by thia means to olininste all venadivm fron the direnth 
except that which hat baen ten into sclubicn ‘uring the tert perind, 
AS &® crcag-cheek of the eneces of the vrocers in removing ali but 
diveoived miterial the remaining slurs vere Jividel into te oertes 
which sere cheeks! sepur telly, If the two berte c1@ not metch within 
about 705 the two eolutions made wo from the two sections of the elug 
were rechocksd, "his  .ceounts for the extra entries for ecms of 
the epeetwans in Table II, 
b, Chormical procedure 

(1) Owe fourth gram (.25 @ ) of each of tho purta of the 

Giewuth slug were taken into solutfoy with 30 ‘rons eof 

concentreted altrie aclé 


(2) waghed down 
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(3) while Yuming, nitric acl4 added dropwise 

(4) fuming an’ aind tion of nitric aetd eontimmed mt) all 
vanadium is in solution 

(5) eooled ani transferre’l to 100 ml w:jlweetric flask 

(6) @ilnted to mark ant mixed 

(7) alicuots were taken to contain not more than 200 micrograms 
of vanediiw 

(8) five drove of bydrocen peroriée added 

(S) diluted to mark with 10% @ulfuric «eid, color allowed 
20 ainutes to develor 

(10) color meneured in Beckrmn apectrephotemeter at wavelength 
ef £50 mi Liimierons 

(11) 20 ml alicuotea from the origins] eolution taven (for sodium 
mengurement ) 

(12) 20 me tron acded ond an ammonium proctpitation mae 

(13) to the “titrate from the areonium prect ttste, sulfuric 

2eid vea added until the aslution wes Jjmet acl! to 14 tema 

(32) 3 ml hydrocleric acid un? 2 ml nitric acid added 

(15) solution eveporated to ryness 

(16) eooled, salts dis-olved in dletilled water, transferred to 
tured platinuwea @dieh em’ sgatn evaporated to “rynose 

(17) salts were tuken up in water and a drop of semonivm 
hytreside aditlod 

(15) evaporated to salts and the salts heated unt1l furs 
cesse sy fusion begins 

(19) @ooled ant welshed 

(29) sodivma e-ntent enlonlated fron sodium eulfate pressnt, and 


vatte of vanadivn per oclllion parte of sodium determinad 
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3, etercination of from in Biaemmth 
s, Preparation for chemies] analysie 
‘ean rerov.l fron the furmece, steal crucibles were held 
vertioaully for settling of articles, cuenched, machined, ami 
Cleaned in « tumrnner identient te that teccribed in part 1 of 
Appendix G, 
b Chemical preceiure 
(2) a webghed sample of the Idoouth wae iced In a 256 xl 
bwaker ant onsw. alitrhe ecia added te take sancles ‘ute 
solution 
(2) evaporated nearly to iryneses 
(3) 5 ml hydveehlerie «ecid added and taken ta dornece 
(4) whey (3) repentod. 
(5) 10 mi hydreeclorie eeté aaded 
(6) nemoniws @hlerids elded in ratio 1 g for ewery 0.1 ¢ of 
sam’ ).¢ 
(7) Qilnted with distélled water to LOC wl 
(8) heated gently anti «11 apmoniwe chloride wae teken late 
eo lution 
(9) traneferred to wolitetric flask, 4ilwted to mark, and 
Riianota taken asalv- lent to about 6,1 = samples 
{1") allemt diluted to eoroximatsly 40 wl 
(21) wided 3 al hpfirertiiaone solution ( 17) 
(12) added 6 ol of 1-10 ortvo-phananthrolina ( 6,25 % ) 
(13) 6 mi sewonime citrate ( molar ecolutien ) adéed, stirring 
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(14) 
(15) 
(26) 
(27) 


(28) 
(19) 


A orystailine precicltate formed 

Adg@ed one-low~one ammonium hydromide 

Adjusted jx to 3.5 

Jelutions were transferred te 106 mi volusetris Maske, 
Giluted to mark, and mixed 

Allowed to sland 20 houre for full coler developuent 

at wavelengto of 513 alilinerons, 





Neagent blank treated in some manner was uped for correetion. 
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sOPEMIZ 
ugustruction, Loadiag and selding of sass Transfer Janes 


vtertiag witty in Gasodeemet cact ingot of vanediom, a. atbespt 
wes omnis to extreloe vewdias tubing ower ¢ 3/h look mewdrel, ihe wandrel 
fetled in the @eupunle., Lela: "seceed vet’ whit) Lie wetal, The remain 
arg tube brome aumrt in the first pase thrwuen @ gunging atchine, “and 
ness of tiie paberel «it scamured as ageprenimately A, 46, it was 
pootulated that the herdnees wilt Neve been coused by hydrecet: abeorp 
thes, Grolved ig te -rocoee of “wlekling" the Lran from the extruded tube, 
after veewun spaeeliog for tues oa @ of 9GC° C the hardness gas appromt« 
mmbely Gy bo, The ldee of cetpe@in, tubig sith ewillenie eqeipaent in the 
ip tee tiae yeraidng ae ckendouet, 

‘ermine Chie dre Getruted as before. (ome toperwtiia 7) Bie iron 
jeceet wow terwed —'f in 4 lethe, ext te rode ewt Late aight Lah 
Meyitee, “eles cere bured Uurvugh the eocier af the reis end rowed 
Sart. 

gt, With wtelle raylieelly polised Lamr sarfacee Ww welded 
iste Ve ovG? in mm treo elLeoaphere ating te anpemetus Jescrioed in 
eee x A ant alow in Slee 22, Or welding tie Lone tele, the 
only sotifleetiogn wo ce eelling ap oratua wee tee aubetltetien of a 
hegh leas cylinwer in Woce of tke one warmeily weed. The lunes wore 
charged th te gewee Of bimwth purified, ef bafure, uy plpettiry 
free velonw the @usfees of @ pool Of mOlten Biseuth aed freezing V8 
pipeiiad eneriek. 















os eet me ee ee ee 






PPOLes oe thes 1b deen! ny Femi ad _ 
en, Set amas MM re teed tated 





ors Nol ee 

aime 08 “atte old allie + heer a aia 
Sat ee em emt 50m) IRL HD ad PH Meee eh " 
An Fe 0M of piermmiacmyy 9h Dera at, AA tly led Ye 
SERED ees Seem coe et aig hs rem id bad 
Ct Re Gel cs coms end prema? BY ha Wf ewe meld 
ROT bce wanted ols 2 i © ye Te eT eke ames eos 
a 6) Cabee ptonine Gi pum? aan th eT A 
ee oe ee sy 

St NF emery am) oye As RO OE ee ether! 
atta he ER 
Rear) Gee Pees 623 De ee wh QE!) tind Ome che 
ae 

Ce rh Coens weed ete) tinal iat ta ee 
Ob ee eels OU yr orm cet om mi thee Oli ahd 
lll el eet eee a 
tied eee en nT el et 
Fe eee Lh lel lk me eld) ane 
stds) § ee es gE TR Ae « com oe A lee 

Of tert) es Sees) alee ee 6 Ve nee eet mie! ans 


i oe) 















‘iL. precaatlones a es 
tanen to 5 | 

bea Spperdix } tudes just. prior 
—_ 5, sueh as sickling of , 3 
charging with biamth,, purifieation | 
aoiicnted in preraretion of the ones transfer tubes 
| | 
otc., ere 


63 


a eee ee er ee 
— 27] wr ame OS ply Os Gm ys Seemewe ef belo 
phew elles ed we 6 lem Qe 
eee ee ee 





Att B 
Visetroente Interval Timer 
Leaations Ware’ on beet estimates of heet contuction 
coefficients end eonctanta of exiesivity imiieante’ that stea’y 
atauto taxgerstures would just be ae -proache: in the low temvereture 
end of o tilt-tubs five mimiter after the hiewnin cane from the 
hot aml at 996° 6, “he ealewlationg vere beeed on a fll ten grams 
of contained setel sad ¢4¢ not teme inte aeanant demletion of the 
bismuth, ner was tie depletion enticipated to the axtent to viteh 
it eceurred, 

In order that the furmes revmta in a tilted mettion for « 
five maintibe gericd, it wos necessary to cut off power to the rotor 
when the arnses faeter~beard reached «an end position, This 
wae kOCoOM, lished hy attachins a cam to tha furnece teeter-boerd 
which operatad a vingleepolie dounble-throw ewitch instantaneously 
on and o7? smein whtle the tweeterhoard was moing through 
horisentel dead center, An sleetronie interval timer vw sa oper ted 
by this ewltch, While tho eteroewitch wan operated, it charged a 
15 wlerefernd of 1~filled Oeper capacttor te 22) volte frop = 45 
mierofer.d clectroiytie conienser, This was done ea thet « Lorre 
Gerga cawit be wat into the 15 wicrofsrad emvecitor in the wery 
ehort time that te switch wa on, “he electrelytic then had Tive 
Binutes to recharges. A Av6 tuba, triode e-nnected, wan out of f by 


the voitercs on the 15 sierofersd entecttor for the time 1% teok to 
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é scharge through on: of severs) selected reeistoras, During the 
time it took to discherge, the tube was cut off, a relay in ite 
plate etroult diseenneeted power from the motor, Foaltive relay 
ection wis ensured b «a feedback circuit vhiech connected the grid 
te . sestitive voltages through a tuo megohm reelator as goon as the 
relay heran to cle*ea, Relay chatter wee asperlenced mitil the 
fendback Lov) wae added, 
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Richards 
Corrosion of vanadium by 
molten bismuth. 





